Magneto-Optical Trap Field Characterization with the Directional Hanle
  Effect by Jackson, Jarom S. & Durfee, Dallin S.
Magneto-Optical Trap Field Characterization with the Directional Hanle Effect
Jarom S. Jackson, Dallin S. Durfee*
Department of Physics and Astronomy, Brigham Young University, Provo, Utah 84602
We demonstrate the use of spatial emission patterns to measure the magnetic fields used in a
magneto-optical trap. The directional aspect of the Hanle effect gives a direct, visual presentation
of the magnetic fields, in which brighter fluorescence indicates larger fields. It can be used to
determine the direction as well as the magnitude of the field. It is particularly well suited for
characterizing and aligning magneto-optical traps, requiring little additional equipment or setup
beyond what is ordinarily used in a magneto-optical trap, and being most sensitive to fields of the
size typically present in a magneto-optical trap.
Introduction
In 1924, Wilhelm Hanle presented a theory explaining
the depolarization of light scattered by an atomic vapor
in a magnetic field. This effect, known as the Hanle ef-
fect, has been used to determine atomic state lifetimes1,
to measure magnetic fields2–4, and to measure phenom-
ena related to magnetic fields5,6. Other manifestations
associated with the Hanle effect include level-crossing
spectroscopy7,8, and a “mechanical” Hanle effect9. Field
measurements using the Hanle effect require no sensor
other than the atoms themselves in the region being mea-
sured, and first-order Doppler shifts do not degrade the
measurement precision8, such that precise measurements
can be made with hot gasses.
While most Hanle effect studies focus on depolariza-
tion, the interaction of atoms with magnetic fields also
affects the spatial pattern of the scattered light8,10–12.
We will refer to the field-dependent spatial radiation pat-
tern as the “directional” Hanle effect. Unlike polarization
measurements, directional Hanle effect measurements are
sensitive to atom density and driving light intensity. But
they are not susceptible to errors due to polarization-
altering properties of the medium between the measure-
ment region and the detector, and they don’t require po-
larizing elements in the detector or the need to rotate
polarizers during the measurement. Adding a polarizer
can, however, reveal additional information.
Applications of the directional Hanle effect are possi-
ble in astrophysics, laboratory plasmas, and other dis-
ciplines where Hanle effect-related techniques have been
developed13–15 or proposed16–18. In this paper we demon-
strate the utility of the directional Hanle effect to char-
acterize the magnetic fields used in a magneto-optical
trap (MOT). While other fluorescence-based field mea-
surements have been demonstrated19,20, a significant ad-
vantage of the directional Hanle effect for MOT align-
ment and characterization is that it produces an imme-
diate, visual display of the field strength, where brighter
fluorescence corresponds to larger fields. Simply looking
at the fluorescing atoms, one can see where the field is
large or small, and where field zeros are. One can quickly
identify the MOT trapping region as a dark spot in the
fluorescence. This visual feedback is particularly useful
when aligning laser beams for a MOT.
The method can be applied with little or no additional
equipment beyond what is already present in a typical
MOT, usually requires little change to the MOT appa-
ratus, and, as discussed later, is most sensitive to fields
of the magnitude typically present in MOTs. Because
the effect saturates at about the same field magnitude
which defines the edge of the trapping region, the size
of the dark spot in the fluorescence gives an estimate of
the size of the MOT trapping volume. In addition to
magnitude, the technique can also be used to determine
the field’s direction at every point in the measurement
region.
Description of the Hanle effect
The Hanle effect can be understood qualitatively by
treating atoms as classical oscillating electric dipoles.
In this picture, similar to what was first proposed by
Hanle4,8, light induces an oscillating electric dipole mo-
ment in an atom. The dipole is initially excited in the
direction of the driving light polarization. If a mag-
netic field is present, the dipole oscillation axis will rotate
around the field, changing the polarization of the emitted
light. Averaged over time, this reduces the scattered light
polarization. This is typically observed using a detector
displaced from the atoms perpendicular to the driving
light polarization, where the scattered intensity is great-
est. If the field is large enough to cause many rotations
within a decay time (which happens when Zeeman shifts
are large compared to the natural linewidth), the light
scattered in this direction will be completely unpolarized.
In the directional Hanle effect, we consider how the
field changes the spatial radiation pattern of the scat-
tered light. With no field present, the oscillating dipole
emits with a sine-squared dipole emission pattern, and
a detector displaced from the atoms in the driving light
polarization direction will measure no scattered light. If
a magnetic field is present, however, the emission pattern
rotates. The strength of the field determines the rotation
rate, and the rotation rate, compared to the decay time,
determines the average light intensity scattered in the
direction of the pump light polarization. An example of
this can be seen in Fig. 1, which shows fluorescence from
atoms in a region with 3 field zero points21. Note that
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2Figure 1: Two pictures of fluorescence from strontium atoms
in an inhomogeneous magnetic field. An expanding thermal
strontium beam was illuminated with a thin sheet of resonant
laser light. With the laser polarization set along the line from
the atoms to the camera, zero crossings in the field are clearly
visible as dark spots. The width of these dark spots is related
to the local field gradients. The central zero point is the cen-
ter of the MOT’s trapping volume. The other two dark spots
are the points at which the laser light sheet intersects with a
ring-shaped zero crossing caused by the non-traditional field
geometry in our apparatus. The fact that the zero crossings
are far from being collinear in the upper figure revealed to
us that the magnets generating the field had significantly dif-
ferent magnetizations. The lower image was taken after the
defective magnet was replaced.
the directional Hanle effect provides a picture of the field
strength, viewable with a camera or directly viewable by
eye.
Measurement of MOT fields
We used the directional Hanle effect to characterize the
inhomogeneous magnetic field in the center of a strontium
MOT apparatus22. To do this, we blocked all but one
laser beam going through the vacuum chamber. With
just one beam there are no cooled, trapped atoms. In-
stead, thermal atoms from the oven used to load the trap
scatter light from the remaining beam. A narrow slit
was placed in the beam to create a sheet of light pass-
ing through the center of the MOT trapping region. The
light sheet was aligned to pass through the field zero in
the center of the region by adjusting its position to make
the central dark spot in the image as large and dark as
possible. The scattered light was measured with a cam-
era displaced from the atoms in a direction rˆ which is
parallel to pˆ, as shown in Fig. 2.
To analyze the data in this paper, we used a quantum
model derived using a master equation11. For quanti-
tative measurements, weak driving light, such that the
peak saturation parameter is much less than one, is pre-
ferred. Otherwise the pump light intensity at each point
in the image needs to be known with some precision. We
assume that the probe field is not large enough for in-
elastic scattering, and we assume that the atomic vapor
is dilute, such that re-scattering of scattered light is neg-
ligible. Because of the known symmetry of the field, we
Figure 2: Illustration of the coordinate system. The two
images were rendered from a slightly different perspective
to produce a 3D stereoscopic pair for divergent ‘wall-eyed’
viewing23. The sheet of light, polarized in the pˆ direction, is
depicted by a rectangle. The dark area in the center of the
rectangle depicts a low-field region from which little light scat-
ters toward the camera, shown in the lower left-hand corner
displaced from the center of the rectangle in the rˆ direction.
The curves represent magnetic field lines. The field direction
defines the local z axis, and x is defined to be in the pˆ direc-
tion, which is orthogonal to the laser propagation direction
kˆ.
assume that the field at every point in the light sheet lies
within the plane of the sheet.
For a j = 0 to j = 1 transition driven with linearly po-
larized narrow-band radiation, in the limit of weak pump
light, and assuming that the magnetic field is orthogonal
to pˆ, the intensity scattered in the pˆ direction is propor-
tional to
Ipˆ =
ω2L
∆ω4 + 2∆ω2
((
Γ
2
)2 − ω2L)+ ((Γ2 )2 + ω2L)2 (1)
where ∆ω is the detuning from resonance (including
both laser detuning and Doppler shift), Γ is the natu-
ral linewidth of the transition, and the Larmor frequency
ωL = gµBB/~, where ~ is Planck’s constant over 2pi,
µB is the Bohr magneton, B is the field magnitude, and
g is the Landé g-factor (g = 1 for the 5s5p 1P1 state
in strontium). For comparison, the light that would be
scattered in a direction orthogonal to pˆ, in the absence of
a magnetic field is proportional to
Iperp =
1
∆ω2 + (Γ/2)
2 (2)
with the same constant of proportionality.
The 5s2 1S0 to 5s5p 1P1 resonance transition in stron-
tium has a simple structure, such that we don’t have to
consider effects such as the ground-state Hanle effect24,25,
ground-state coherences and dark resonances26, and opti-
cal pumping8. In systems where optical pumping occurs,
the same repump light used to realize the MOT can be
employed when taking directional Hanle effect measure-
ments.
3A simplified model
In addition to the full model we used in our analysis,
an extremely simplified model of light scattering can be
useful to develop intuition. While this model is not as
accurate as the one we used to analyze data, it is easy to
visualize the derivation, and it results in a simple equa-
tion from which insight into the directional Hanle effect
can be easily gained.
The Hanle effect can be thought of in terms of quantum
interference and the averaging of quantum beats4,8. In
the simplified model we calculate the beating contribu-
tions from different emitting states to the light emitted
in the direction of the driving light polarization. This
simplified model is a semi-classical model in which we
treat radiation fields classically, but quantize atomic en-
ergy levels. To generate this simple model, instead of
atoms which are continuously driven, we consider an
atom which is excited by an impulse. After absorbing
a photon, an atom’s initial state will be a superposition
of upper-state magnetic sublevels. Each sublevel emits a
classical field, and these fields interfere.
As with our more complete analysis, we will assume a
j = 0 to j = 1 transition. This simple level structure
makes the mathematics less complicated and more intu-
itive, and avoids the need to consider things such as dark
states and optical pumping. For this level structure, our
treatment is in qualitative agreement with the classical
oscillating dipole description given above. Furthermore,
this is the structure of the transition used in our experi-
ments.
Because the field in our measurement region lies within
the plane of the light sheet, orthogonal to pˆ, the m = 0
upper state is not excited. In this simplified model we will
assume Zeeman shifts only affect the relative phase evo-
lution of the upper states, not the overall scattering rate,
and further assume that the m = −1 and the m = +1
states are populated equally, ignoring effects of laser de-
tuning and Doppler shifts, which would result in different
upper-state populations. For broadband driving light,
this is approximately true. With narrowband excitation,
when the Doppler width of the atoms is much larger than
both the natural linewidth and the Zeeman shifts, errors
due to this approximation largely wash out when emis-
sions are averaged over the velocity distribution of the
atoms. Even when it is not a good approximation, it
allows us to find a simple analytical expression to aid
intuition.
For the simplified model we assume that each of the
two excited states emits the field of a classical rotating
dipole (rotating in opposite directions), which decays ac-
cording to the transition linewidth Γ. Due to Zeeman
shifts, the components of the field from the two sublevels
oscillate at slightly different rates, ω± = ω0±∆ω, where
ω0 is the unshifted frequency, and ∆ω = µBgB/~. This
causes the relative phases of the two field contributions
to drift, altering the radiation field in a way analogous
to the field of a classical oscillating dipole with a drifting
oscillation axis.
In the far field, the resulting time-averaged intensity is
an inverted Lorentzian:
〈Iensemble〉 = Iperp
2
[
1− 1
1 +
4µ2Bg
2
~2Γ2 B
2
]
, (3)
where Iperp depends on the driving light intensity and
the density of atoms, and is equal to the intensity which
would be detected with no field if the detector were dis-
placed in a direction perpendicular to pˆ.
Eq. 3 indicates, as expected, that in the limit of zero
magnetic field, no light is emitted in the pˆ direction.
As the field increases, the intensity grows, approaching
an asymptotic limit of Iperp/2. The half-width, half-
maximum width of the Lorentzian is
BHWHM = ~Γ/2µBg. (4)
This is the field at which the Larmor frequency is half the
natural linewidth. Since the slope of Eq. 3 flattens once
B is several times BHWHM, and because optical trapping
is inefficient when the Zeeman shift becomes comparable
to or larger than the light detuning, which is typically
on the order of the natural linewidth in a MOT, the size
of the dark region in the fluorescence is related to the
size of the MOT trapping volume. Because of the shal-
low slope of the curve near zero field and the asymptotic
saturation at high fields, measurements using the direc-
tional Hanle effect are most precise for field magnitudes
of order BHWHM. This is precisely the scale of the fields
present in a typical MOT’s trapping region27.
Theoretical curves
The expression in Eq. 3 is graphed in Fig. 3(a). Also
shown are curves generated using the full model of Eq. 1
which we used to analyze data. In the simplified model,
laser intensity, detuning, and Doppler shifts only impact
Iperp, not the overall shape of the curve. In the full model
these factors are more important. We assumed a ther-
mal strontium beam from an oven with a temperature
of 509◦ C propagating in the opposite direction from the
driving light, which was tuned to cancel the Doppler shift
at the peak of the velocity distribution. For the full model
curves, Ipˆ and Iperp were first averaged over the atomic
thermal distribution, and then the two averages were di-
vided to generate the curves in Fig. 3(a).
Fig. 3(a) shows that for a gas of thermal atoms with
Zeeman shifts that are small compared to the Doppler
broadening, the simplified solution is a good representa-
tion of the effect, deviating from the full model by only a
few percent. While many treatments of the Hanle effect
using broadband excitation result in similar Lorentzian
curves1, this figure illustrates that Lorentzian curves are
also useful under narrowband excitation as long as the
Doppler broadening is large. The errors introduced into
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Figure 3: Intensity emitted along the pump light polarization
axis vs. field strength. In (a) the theoretically expected light
intensity scattered in the pˆ direction, normalized to Iperp,
is plotted as a function of magnetic field. The full model,
applied to motionless atoms with the driving light tuned to
resonance, is shown with a dashed line. The solid line repre-
sents the full model applied to a thermal beam of atoms, as
described in the text. The dotted line is the simplified model.
In (b) the full model is shown normalized to the average of
ILH and IRH . All curves assume that the field direction zˆ is in
the plane of the light sheet. The solid/dashed/dotted/dash-
dotted lines in (b) represent magnetic fields at an angle of
0/30/60/90 degrees from the kˆ direction. In both (a) and (b)
the blue vertical line represents BHWHM .
our simplified model by assuming an impulse drive and
constant scattering rates mostly vanish when both mod-
els are normalized to Iperp, as Iperp includes the same
assumptions.
For hot atoms, the scattered intensity in the full model
initially increases somewhat more rapidly with field than
the simplified model. Atoms whose Doppler shift makes
them not exactly resonant with the pump light will have
one upper state Zeeman shifted closer and the other fur-
ther from resonance, such that one state scatters more
than the other. This makes complete destructive interfer-
ence impossible. At high fields, such that the magnitude
of the Zeeman shift surpasses both the natural and the
Doppler linewidth, the bulk of the atoms in the distribu-
tion get shifted from resonance, and the intensity in the
full model asymptotically approaches zero with increas-
ing field. While readily visible in Fig. 3(a) for cold atoms,
for the thermal distribution of atoms in our experiment,
this effect only becomes significant at fields higher than
those shown in Fig. 3.
Calibration
Both the simplified and complete model require some
knowledge related to the light intensity and atomic den-
sity at each location in the image. In the limit of low drive
intensity (such that the saturation parameter s  1),
only the product of the two must be known. In this
limit, the intensity Iperp is proportional to this product.
So a simple way to calibrate field measurements, with-
out needing to know the atom density or light intensity
at any point in the measurement region, is to zero the
magnetic field, rotate the driving light polarization such
that it is orthogonal to rˆ, and directly measure Iperp. In
our setup, we were unable to easily remove the magnets,
and were not able to make this measurement.
Another approach is to make assumptions about the
spatial distribution of the driving light and the atomic
vapor, and about the field at certain locations. For ex-
ample, we achieved results consistent with the expected
field by assuming a constant vapor density and assum-
ing that the light scattered along vertical slices half-way
between the zeros in Fig. 1 was near the maximum of
the curve in Fig. 3(a). While the field is not constant
along these slices, with these assumptions, and assum-
ing a collimated laser beam, we obtained results which
fit the expected shape of the field quite well. However,
the overall magnitude of the field and the size of the field
gradients at the location of the central zero were very de-
pendent on where on the curve of Fig. 3(a) we assumed
the vertical slices to be.
A better approach, when the field can’t be zeroed, is to
measure the light scattered by circularly polarized driv-
ing fields. The amount of light scattered in the rˆ direc-
tion is less sensitive to the field when circularly polarized
pump light is used (see Fig. 6(f)). Simply dividing by
an image made with circularly polarized light and using
the simplified model yields a reasonable result. To ob-
tain more accurate results, we extended the full model
of the Hanle effect11 to allow circularly polarized driving
light. In the limit of low pump intensity, and assuming
the magnetic field lies within the plane of the light sheet,
the light scattered to the camera by a circularly polarized
pump beam is proportional to
ILH/RH =
Ipˆ
2ω2L
((
∆ω2 + (Γ/2)2
)
cos2(θ)
± 2∆ωωL cos(θ) + ω2L
)
+
Iperp
2
sin2(θ)
(5)
where θ is the angle of the magnetic field relative to kˆ,
and the upper/lower sign is used to find the intensity
scattered by left-/right-handed polarized light. If the
same intensity of pump light is used, the proportionality
constant is the same for Eqs. 1, 2, and 5. Otherwise,
these equations must be scaled accordingly. Normalizing
Ipˆ to Icirc = (ILH + IRH)/2 results in the curves shown
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Figure 4: Magnetic field measurement. Using the full model
normalized to data taken using circularly polarized light, the
magnetic field along two horizontal lines of an image similar
to the lower image in Fig. 1 was determined. The measured
field is shown as dots. The solid line is the expected field for a
pair of opposing ring magnets. Plot (a) shows the field along a
horizontal line passing through the center of the central field
zero. In (b) a similar plot is shown for a horizontal row of
data displaced 0.85 mm vertically from the data used for the
plot shown in (a).
in Fig. 3(b).
Results
The magnetic field measured along two horizontal lines
are shown in Fig. 4, along with the field we predicted us-
ing the known geometry of the magnets generating the
field. The only free parameters used to fit the model
to our measurements were the size of the effective sur-
face currents (the BHc coercive field force) of the two
magnets, and a 4% adjustment to the effective size we
had estimated for the pixels in the images. Note that for
fields much larger than BHWHM, small changes in inten-
sity correspond to large changes in magnetic field, such
that small amounts of noise result in large errors in the
measured field. This accounts for increased noise in re-
gions of Fig. 4 with larger fields.
The outer two minima in Fig. 4(a) don’t go to zero
because of a known slight mismatch in the BHc of the
two ring magnets generating the field. This offsets the
ring-shaped zero crossing axially from the central zero
crossing. Fig. 4(b) shows the predicted and measured
field magnitude along a horizontal line displaced 0.85
mm vertically from the center of the central field min-
imum. At this vertical displacement, both the predicted
and measured field drop close to zero at the location of
the outer field minima.
While the data fits the expected field shape extremely
well, in order to make the predicted field match our mea-
surements, we had to set BHc for the two magnets to
1191 and 1217 kA/m, slightly above the expected range
of 860-955 kA/m for N42 neodymium magnets28. The 2%
difference in the magnetization of the two magnets agrees
with Hall probe measurements of the magnets. The hor-
izontal field gradient at the central zero, as determined
using the directional Hanle effect, is 41 gauss/cm. This is
somewhat larger than the 30± 4 gauss/cm that we mea-
sured with a Hall probe with the magnets mounted in a
test assembly. We are not certain why our measurements
are slightly larger than expected.
Field direction
With a slight extension to this method, the local direc-
tion of the magnetic field can also be determined. This
is done by first measuring the polarization of the scat-
tered light emitted in the pˆ direction, and then noting
the asymmetry in the light scattered at low fields when
viewed from a direction at an angle to the pˆ direction.
If, as previously assumed, the magnetic field direction
is perpendicular to pˆ, the light scattered in the pˆ direc-
tion will be linearly polarized orthogonal to the magnetic
field. We can understand this intuitively by thinking of
the oscillating atom as a classical oscillating dipole. The
oscillation axis, initially excited along the pˆ direction, will
rotate around the magnetic field, as illustrated in Fig. 5.
Figs. 6(b-d) show images of fluorescence measured with
a linear polarizer in front of the camera with its trans-
mission axis at various angles.
By taking three pictures with a linear polarizer placed
in front of the camera — one with the polarizer aligned to
pass light polarized in the horizontal direction, one with
the polarizer rotated at 45 degrees from the horizontal,
and one aligned to pass vertically polarized light, the
field direction can be found. If Bˆ is a unit vector in
the direction of the field at a point in the images, the
magnitudes of the components of Bˆ are
|Bˆh| =
√
Iv
Ih + Iv
and |Bˆv| =
√
Ih
Ih + Iv
(6)
where Ih and Iv are the intensities at this point in the
images taken using a horizontal and vertical polarizer, re-
spectively. This narrows the direction of the field down
to four possibilities: Bˆ = ±|Bˆh|hˆ ±|Bˆv|vˆ, where hˆ and vˆ
are unit vectors in the horizontal and vertical directions.
Using the image in Fig. 6(c), we can reduce this to two
possibilities. The light intensity at this point in this im-
age, Id, is related to the component of the magnetic field
6Figure 5: The polarization of the scattered light. The di-
rection of the driving light polarization is indicated with the
arrow labeled pˆ. The magnetic field direction is shown with
the arrow labeled Bˆ. A “cartoon” illustration of the path that
the oscillating dipole moment takes is shown in gray. In the
upper image pair (a stereo pair for divergent ‘wall-eyed’ view-
ing), we see that the oscillation direction rotates in a plane
orthogonal to the field direction. In the bottom image, we see
the same path as viewed from a point along the line defined by
pˆ. From this vantage point, the projection of the oscillating
dipole moment we see, and therefore the polarization of the
light we measure, is always orthogonal to the field direction.
in the (hˆ+ vˆ)/
√
2 direction:
1√
2
∣∣∣Bˆh + Bˆv∣∣∣ = √ Id
Ih + Iv
(7)
From this, one can show that
BˆhBˆv =
Id
Ih + Iv
− 1
2
. (8)
Calculating this we can determine the sign of BˆhBˆv at
each point in the image, which then tells us if the signs of
the vertical and horizontal components of Bˆ are the same
or different. This gives us the direction of the magnetic
field at this point, to within an overall sign. The results
are shown in Fig. 6(e). Note that if the orthogonal 45◦
polarization axis is used, one side of the above equation
must be multiplied by −1.
To determine the sign of the field at certain locations,
we can take an image without a polarizer in front of the
camera, but with the camera location offset from the pˆ
direction. This can be done by moving the camera or
rotating the polarization of the driving light. When this
is done, the projection of the initial dipole oscillation
direction onto the plane of the camera will have a non-
zero length. So even with no magnetic field some light
Figure 6: Images taken through a polarizer. Images of the
fluorescing atoms were taken without a polarizer (a), and
through a polarizer which allowed light to pass at a polar-
ization angle of 0◦ (b), 45◦ (c), and 90◦ (d) from horizontal.
The vector graph in (e) shows the direction of the field (to
within an overall sign) calculated from the above images. Im-
age (f) shows the average of two pictures taken with left- and
right-handed circularly polarized light, in both cases without
a polarizer in front of the camera. The horizontal stripes in
the images are due to variations in pump light intensity across
the light sheet.
will scatter to the camera. In regions of low field, such
that the oscillation axis of the dipole only rotates a small
amount before the oscillation has decayed, the magnetic
field can cause the light intensity to go up by causing the
dipole oscillation axis to rotate further away from the
camera’s line of sight. But it can also make it go down
by rotating the dipole oscillation axis toward the line of
sight, as illustrated in Figs. 7(a-b).
Images of the fluorescence, taken with the pˆ axis ro-
tated relative to rˆ, are shown in Fig. 7(c). One can infer
the sign of the vector field shown in Fig. 6(e) from the
asymmetry in these images. Because the dark region in
the top image in Fig. 7(c) is displaced to the right, when
compared to the middle image, we know that the field
to the right of the dark region is in the +k direction,
such that it rotates the oscillating dipole axis toward the
camera, reducing the amount of light detected, and that
the field at the left of the dark region is in the −k di-
rection, such that it rotates the oscillating dipole axis
away from the camera, increasing the amount of scat-
tered light detected. Assuming that the field direction
changes smoothly on the scale of a pixel, the direction
of the field at other points can be inferred. Combining
the information from this image with our other measure-
ments, we can unambiguously determine both the mag-
nitude and the direction of the field at each point in the
7(a)
(b)
(c)
Figure 7: Scattered light asymmetry. The camera in illus-
trations (a) and (b) is offset from the image region in the rˆ
direction, which is different from the pˆ driving light polariza-
tion direction. When the oscillating dipole is initially excited
in the pˆ direction, there is a non-zero projection of the oscilla-
tion as seen by the camera. As shown in (a) (a stereo pair for
divergent ‘wall-eyed’ viewing), the magnetic field could po-
tentially rotate the dipole oscillation direction further away
from rˆ, increasing the light scattered to the camera. As shown
in (b), if the field is in the other direction, the oscillation di-
rection rotates closer to rˆ, decreasing the light scattered to
the camera. The images in (c) were taken with the pˆ polar-
ization direction rotated at different angles relative to the rˆ
direction. The middle image was taken using light polarized
in the rˆ direction. The upper/lower image was taken with the
light polarization rotated 20◦ upward/downward from rˆ. The
gray line marks the horizontal center of the central zero in the
middle image. With the polarization rotated upward from rˆ,
light levels decrease relative to the same point in the pˆ = rˆ
picture if the field is pointed to the right, and increase if it is
pointed to the left. With the polarization rotated downward,
light levels decrease relative to the pˆ = rˆ image if the field
points to the left, and increase if it points to the right.
image. The results are shown in Fig. 8.
Discussion
In conclusion, we demonstrated the characterization of
magnetic fields used in a MOT using the directionality
of scattered light in the Hanle effect. The method gives
a direct visualization of the fields (including the loca-
tion of field zero crossings and an estimate of the size
of the MOT trapping volume), is most sensitive to field
strengths typical of those found in MOTs, requires lit-
tle additional equipment or setup, and does not require
a physical probe in the vacuum (other than the atoms
themselves), making it useful for MOT alignment and
field characterization. We used this technique to mea-
sure the magnitude and direction of the magnetic field
at each point in a region of a plane passing through the
center of a strontium MOT’s trapping volume. We also
discussed methods to calibrate these measurements with-
out the need to know the atomic density or pump light
intensity at any point in the measurement region.
Data availability
The datasets generated during and/or analyzed during
the described study are available from the corresponding
author on reasonable request.
Methods
Most of the details of our experimental methods have
already been discussed in the main text. We point out
here some additional details about our apparatus and
methods used to collect and analyze data.
The magnetic fields in our MOT are generated by a
pair of N42 neodymium ring magnets. The rings have
an inner/outer diameter of 2 and 3 inches, respectively,
and a 1/2 inch axial thickness. They are displaced from
each other by 2.96 inches in the axial direction, and they
are oriented such that their fields cancel at a point mid-
way between them. One can think of a ring magnet as
a thin sheet of current running along the inner surface
of the ring, and an opposing sheet of current running
along the ring’s outer diameter, such that each ring mag-
net is equivalent to two electromagnet coils with currents
of equal magnitude running in opposite directions, such
that their fields would cancel if not for the difference be-
tween the two coil diameters.
The two magnets together make a field approximating
a spherical quadrupole field near the midpoint between
the magnets along the symmetry axis. A ring-shaped
zero crossing can occur, depending on the dimensions
and separation of the rings, displaced radially from the
central field zero. Early field measurements showed an
asymmetry, probably due to a magnet that had been
weakened when accidentally overheated (see the upper
image in Fig. 1). The data analyzed in this paper was
820 10 0 10 20 30
5.0
2.5
0.0
2.5
5.0
m
m
0 10 20 30 40
gauss
Figure 8: Magnetic field magnitude and direction. The direction of the magnetic field at different points in the image, determined
using the images in Fig. 6 and Fig. 7(c), is shown, along with the magnitude of the field at each point.
taken after this magnet was replaced to create a signifi-
cantly less asymmetric field (see the lower image in the
same figure).
It is not important which beam is used to illuminate
the atoms. When using this technique to align MOT
laser beams to the central field zero crossing, only the
beam currently being aligned should be incident on the
atoms. For the data presented and analyzed in this pa-
per, the unblocked beam was a 461 nm laser beam used
to slow atoms entering the trap from an oven. Because
the light in this beam was initially circularly polarized,
a linear polarizer was placed in the beam, and the polar-
ization adjusted such that it was in a direction pˆ which
was normal to the surface of the light sheet.
The camera we used to take our data was an inexpen-
sive Logitech QuickCam Pro 9000 webcam with internal
processing disabled29,30. With internal processing dis-
abled, the pixel values are proportional to the intensity
at each pixel, and we have access to the individual pix-
els of each color. Because the 461 nm laser light used
in the experiment mainly registers on the blue pixels, we
selected only those pixels for our analysis.
The driving light in our experiments had a peak satu-
ration parameter of about 0.09 in the center of the pump
beam. With the camera we used, it was difficult to col-
lect good data with a weaker beam. For our analysis,
we assumed the low saturation limit. This avoided the
problem of needing to know how the intensity of driv-
ing light changed across the laser beam profile. Using
a model that includes saturation effects, we determined
that along the center of the image, where the intensity
is the brightest and errors from this assumption are the
largest, this would produce errors in the measured mag-
netic field on the order of 10 percent. Incidentally, optical
saturation effects are too small and in the wrong direction
to account for the larger than expected magnetization fit
parameters and field gradients discussed in the results
section.
It’s also worth noting that while we derived the simpli-
fied model using a semi-classical approach, a fully classi-
cal model can be used as well. The fully classical model
is simple to derive, yields the same results, and can natu-
rally be extended to a continuous rather than an impulse
excitation. Furthermore, the continuous excitation clas-
sical model results in precisely the full model in the low
intensity limit given in Eq. 1. We chose to use the semi-
classical model in the manuscript because we feel it builds
better intuition and, unlike the classical model, it can be
easily extended to atoms with a more complicated excited
state structure. Also, while the results of the continuous
drive model are a better approximation to what actu-
ally happens in the experiment, the resulting equation
is more complicated (and, we feel, less intuitively useful)
than the Lorentzian impulse excitation result. For data
analysis, we used the full quantum model — the simpli-
fied model was presented only as a way to build intuition
and to make quick approximate calculations.
To derive the fully classical model, one can simply note
that the m = −1 and m = 1 upper states are analogous
to the two circular modes of a pendulum free to move in
two dimensions. Zeeman shifts can be incorporated by
going to a reference frame which rotates at the Larmor
frequency. For an impulse drive, we simply assume that
the pendulum is initially displaced in some direction. For
a continuous drive, one simply solves for a driven damped
pendulum in which a sinusoidal driving force is applied in
a direction which is constant in the rotating frame. This
is simple to do if the problem is solved in the non-rotating
frame (with a driving force whose direction rotates at the
Larmor frequency), and then the results are transformed
back into the rotating frame.
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